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and	 of	 configurational	 (field	 border	 density)	 and	 compositional	 heterogeneity	
(crop	 diversity)	 on	 weight	 gain	 of	 buff-	tailed	 bumblebee	 colonies	 (Bombus ter-











5. Synthesis and applications.	Our	results	complement	previous	laboratory	studies	by	
showing	that	high	pollen	diversity	leads	to	better	colony	performance	under	field	
conditions.	 Therefore,	 the	 maintenance	 of	 floral	 diversity	 in	 agricultural	 land-
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1  | INTRODUC TION
The	 production	 of	 many	 crop	 types	 depends	 on	 pollinators,	 with	
wild	 species	being	especially	 important	 and	 contributing	 to	 stable	
food	production	(Gallai,	Salles,	Settele,	&	Vaissière,	2009;	Garibaldi	
et	al.,	 2013).	 Bumblebees	 are	 one	 important	 group	 of	 pollinators	
increasing	 yields	 of	 a	 wide	 range	 of	 crops,	 for	 example,	 apples,	
strawberries,	tomatoes,	and	oilseed	rape	(OSR)	(Bommarco,	Marini,	





bicides,	which	have	 led	 to	a	dramatic	 reduction	 in	 floral	 resources	
in	modern	agricultural	landscapes	(Goulson	et	al.,	2007;	Robinson	&	
Sutherland,	2002).	Therefore,	reducing	hostility	of	agroecosystems	
is	 a	major	 goal	 of	 pollinator	 conservation	 and	 ecological	 intensifi-
cation	 to	 safeguard	 pollination	 services	 in	 agricultural	 landscapes	
(IPBES,	2016;	Kovács-	Hostyánszki	et	al.,	2017).
Sufficient	 food	 resources	 are	 one	 important	 requirement	 for	






of	 pollen	 differs	 between	 plant	 species	 (Roulston	 &	 Cane,	 2000),	
and	 therefore,	 the	 availability	 of	 high	 floral	 resource	 diversity	 in	
the	landscape	is	expected	to	be	essential	for	the	persistence	of	bee	
populations	 (Donkersley	 et	al.,	 2017;	Vaudo	 et	al.,	 2015).	As	 bum-
blebees	can	discriminate	between	different	protein	concentrations	




that	 bees	 probably	 reduce	 the	 negative	 effects	 of	 unfavourable	
pollen	 types	 (with	 low	 nutrient	 content	 or	 toxic	 secondary	 plant	










gained	 more	 weight	 compared	 to	 colonies	 in	 farmland	 (Goulson,	
Hughes,	 Derwent,	 &	 Stout,	 2002),	 and	 especially	 early	 season	
resources	 are	 important	 for	 colony	 growth	 (Westphal,	 Steffan-	
Dewenter,	&	Tscharntke,	2009;	Williams,	Regetz,	&	Kremen,	2011).	
However,	field	studies	investigating	whether	higher	pollen	diversity	




species	 growing	 in	 semi-	natural	 habitats	 can	 improve	 the	 nu-




colony	 growth,	 and	 brood	 cell	 production	 (Holzschuh,	 Dormann,	
Tscharntke,	&	Steffan-	Dewenter,	2012;	Westphal	et	al.,	2009).	Wind	
pollinated	crops	like	maize	can	be	an	important	pollen	resource	for	
honeybees	 (Danner,	 Härtel,	 &	 Steffan-	Dewenter,	 2014),	 but	 wild	
bees	have,	to	our	knowledge,	never	been	reported	to	collect	maize	
pollen.	 In	 contrast,	maize	 is	 associated	with	 lower	 plant	 diversity	
than	other	crops	inside	the	field	and	also	in	the	adjacent	boundary	
vegetation	(Fagúndez,	Olea,	Tejedo,	Mateo-	Tomás,	&	Gómez,	2016;	
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of	 compositional	 and	 configurational	 heterogeneity	 could	 also	 be	
interactive	because	the	enhanced	resource	availability	of	high	crop	
diversity	might	 only	 be	 accessible	 for	 pollinators	 if	 the	 landscape	
connectivity	is	increased	by	high-	field	border	density.
Here	we	tested	how	two	different	crop	types	and	the	configura-
tional	 and	 compositional	 heterogeneity	 of	 the	 crop	production	 area	
at	 the	 landscape	 scale	 affect	 the	 pollen	 diversity	 collected	 by	 the	
colonies	 of	Bombus terrestris	 and	 their	 colony	 performance.	We	 fo-
cused	on	two	major	crops:	First,	OSR	due	to	the	provision	of	ample	








1.	 Maize	 cover	 deteriorates	 colony	 performance	 through	 reduced	












more	 different	 crop	 types	 offer	 more	 diverse	 food	 resources.	
This	effect	might	be	only	important	if	configuration	is	high,	facili-
tating	movement	across	landscapes.
2  | MATERIAL S AND METHODS





and	 sugar	beet	being	 the	most	 commonly	grown	crops.	We	 se-
lected	 20	 1	×	1	km	 landscapes	 with	 uncorrelated	 gradients	 of	





B. terrestris	 individuals	 can	 travel	 several	 kilometres,	 the	mean	





























initial	weight	 (M ± SD:	 634.83	±	29.11	g).	Afterwards,	we	 conducted	









and	stored	 in	an	Eppendorf	 tube.	Afterwards,	 the	bumblebees	were	







crop	variety	or	microclimate)	at	 this	 late	stage	of	 the	OSR	bloom	at	
the	end	of	May.	Therefore,	we	named	this	variable	“Late	flower	cover	
OSR”.	 From	 seven	 colonies,	 no	 pollen	 could	 be	 collected,	 because	
colonies	were	 destroyed	 in	 the	 field	 by	 accidental	 mowing	 or	 died	
early	 for	 unknown	 reasons.	 These	 losses	 occurred	 randomly	 across	
the	gradients	of	 compositional	 and	configurational	heterogeneity	 as	
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acetolysis	method	 (Faegri	&	 Iverson,	1989,	 see	Supporting	 Information	
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grains.	As	some	pollen	(e.g.	wind	dispersed	pollen	grains)	could	have	been	





was	 the	 difference	 between	 the	 first	 weight	 during	 placement	 in	









To	 analyse	 the	 effects	 of	 landscape	heterogeneity	 and	differ-
ent	 crop	 types	 on	 pollen	 diversity	 collected	 by	 bumblebees	 and	
the	 cascading	 effects	 on	 colony	 weight	 gain,	 we	 used	 structural	
equation	modelling.	Piecewise	structural	equation	modelling	makes	
it	 possible	 to	 include	 random	effects	 by	 allowing	 to	 combine	dif-
ferent	commonly	used	mixed		effects	models	(package	“piecewise-
SEM,”	Lefcheck,	2016).	First,	we	constructed	a	hypothetical	model	
(Figure	2a).	 We	 expected	 that	 configurational	 and	 compositional	
heterogeneity	 as	 well	 as	 OSR	 and	 maize	 cover	 at	 the	 landscape	
scale	 would	 affect	 pollen	 diversity.	 As	 co-	variates,	 we	 added	 ef-
fects	of	 local	crop	 type	 (cereal	or	OSR),	 late	 flower	cover	of	OSR	
(see	above),	and	semi-	natural	cover	on	pollen	diversity.	Additionally,	
we	included	a	two-	way	interaction	of	configurational	and	compo-
sitional	 heterogeneity.	 For	 colony	weight	 gain,	 we	 expected	 that	
it	would	be	influenced	directly	by	pollen	diversity,	configurational	







were	 not	 available,	we	did	 not	 include	 these	 direct	 pathways.	As	
modelling	 all	 these	 effects	 in	 one	 structural	 equation	model	was	
not	 possible	 (d-	rule:	 the	 number	 of	 samples	 per	 path	 should	 be	






wise	backwards	 selection	process	based	on	AIC	 (Akaike	 informa-
tion	criterion)	for	both	models	until	the	best	model	was	found.	This	
simplification	process	resulted	in	the	final	SEM	including	six	paths	










the	 full	models	 (including	all	 variables	without	 simplification).	For	









Variable Measure M SD Min Max
Landscape	scale
Oilseed	rape	(OSR)	cover Landscape	crop	cover	(%) 15.30 9.75 4.41 41.12





1.11 0.18 0.79 1.39
Farmland	configurational	
heterogeneity
Field	border	density	(m/ha) 221.39 63.36 123.27 312.54





14.12 10.79 1.00 35.00
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389.18	±	222.55	g).	 From	 the	 pollen	 samples,	 we	 identified	 19	
pollen	 types	 of	 which	 few	 could	 be	 identified	 to	 species	 level	
and	most	could	be	assigned	to	a	pollen	type	group	(Table	2).	The	
most	abundant	pollen	 type	was	Brassicaceae,	which	we	expect	
to	 be	 all	 OSR	 due	 to	 its	 widespread	 abundance	 in	 agricultural	
fields	and	because	no	other	frequent	wild	Brassicaceae	species	
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pollen	types	were	from	the	Sorbus	group,	Trifolium repens	 type,	
and Vicia	type.
The	 best	 SEM	 identified	 by	 the	model	 simplification	 based	 on	
stepwise	reduction	fits	the	data	well	 (Fisher’s	C	=	16.49,	p	=	0.086)	
and	 no	 important	 path	 was	 missing,	 indicated	 by	 non-	significant	






















Our	 results	 are	 in	 accordance	 with	 previous	 studies	 showing	
negative	 effects	of	maize	on	biodiversity	 and	ecosystem	 services,	
for	example,	for	birds	(Sauerbrei	et	al.,	2014)	and	natural	enemies	of	
aphids	 (Landis	et	al.,	2008).	The	reduced	pollen	diversity	collected	





fertilizer	 and	 herbicide	 input	 is	 responsible	 for	 this	 reduced	 plant	 
diversity	(Fagúndez	et	al.,	2016;	Kleijn	&	Verbeek,	2000).
As	 pollen	 diversity	 was	 directly	 related	 to	 high	 colony	weight	
gain,	increased	pollen	diversity	under	field	conditions	can	be	valued	
as	 highly	 beneficial	 to	 bumblebee	 colony	 performance.	 Thereby,	
we	complement	 the	results	of	 laboratory	studies	showing	positive	
effects	 of	 pollen	 diversity	 on	 pollinator	 offspring	 development	










respond	 differently	 to	 environmental	 factors	 than	 colony	 growth	
(Westphal	 et	al.,	 2009;	Williams	 et	al.,	 2011),	 larger	 colonies	 usu-
ally	also	produce	more	queens	(Goulson	et	al.,	2002;	Kämper	et	al.,	
2016;	Westphal	 et	al.,	 2009).	 Therefore,	 it	may	 be	 likely	 that	 this	








OSR	pollen	 (Supporting	 Information	Figure	 S3)	 indicating	 that	 the	
bumblebees	switch	to	other	pollen	resources	than	OSR	if	possible.	
This	 is	 in	accordance	with	other	studies	showing	that	bumblebees	
and	 honey	 bees	 avoid	 OSR	 pollen	 (Kämper	 et	al.,	 2016;	 Requier	
et	al.,	2015).	One	possible	explanation	could	be	that	OSR	pollen	con-
tains	 toxic	secondary	plant	chemicals,	 for	example,	glucosinolates,	







Pollen type Abundance Samples
Brassicaceae 22,202 69
Sorbus	group	1 12,613 36
Trifolium repens	type 6,500 17
Vicia	type	1 2,963 8
Phacelia tanacetifolia 618 2
Ranunculus acris	type 550 3
Sorbus	group	2 499 1
Cimicifuga foetida 498 1
Rosaceae 496 1
Plantago lanceolata 478 2
Spergularia	type 464 1
Crataegus monogyna 316 1
Lamium album	type 313 2
Vicia	type	2 196 2
Potentilla	type 53 1
Sambucus nigra	type 51 2
Viburnum opulus	type 18 2
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Gershenzon,	2003).	Additionally,	OSR	seeds	were	frequently	treated	






















OSR	 fields	 flowering	early	 compared	 to	other	 fields	might	also	be	
important	 for	 emerging	 queens	 during	 the	 nest	 foundation	 stage,	
which	we	did	not	investigate	by	placing	already	established	colonies	




ity	 of	 the	 crops	 in	 our	 landscapes	 had	 an	 effect	 on	 pollen	 collec-
tion	 or	 colony	 growth	 of	B. terrestris	 colonies.	 For	 configurational	
heterogeneity,	this	result	is	in	accordance	with	previous	studies	on	
pollinators,	which	investigated	the	number	of	patches,	edge	length,	
or	 interpatch	 connectivity	 of	 semi-	natural	 habitats	 per	 landscape	
and	 found	 no	 or	 only	weak	 effects	 (Kennedy	 et	al.,	 2013;	 Steckel	
et	al.,	2014).	The	reason	might	be	that	B. terrestris	is	a	highly	mobile	
generalist	 that	 is	 little	affected	by	habitat	 fragmentation,	which	 is	
supported	by	the	fact	that	there	is	no	strong	genetic	differentiation	
between	populations	in	Europe	(Estoup,	Solignac,	Cornuet,	Goudet,	
&	Scholl,	 1996),	 and	 therefore,	 this	 species	might	only	 respond	 to	




















































































































































Estimate Lower 95% CI Upper 95% CI p- value
(a)	Model	1:	Response	pollen	diversity
Intercept 0.04 −0.27 0.35 0.808
Maize −0.42 −0.77 −0.07 0.034
Field	border	density −0.29 −0.61 0.03 0.096
Crop	diversity 0.08 −0.28 0.45 0.667
Field	border	density	:	
crop	diversity
−0.32 −0.75 0.11 0.171
(b)	Model	2:	Response	colony	weight	gain
Intercept 0.00 −0.30 0.29 0.978
Pollen	diversity 0.38 0.10 0.66 0.021











case	 if	 this	diversification	does	not	 include	more	extensively	man-
aged	crops	such	as	temporary	clover/grass		leys	(Le	Féon	et	al.,	2013).
5  | CONCLUSIONS
We	 conclude	 that	 the	 consideration	 of	 the	 crop	 production	 area	
should	be	an	important	part	of	agricultural	landscape	management	
and	 applied	 pollinator	 research.	Our	 results	 show	 that	 high	maize	
cover	can	imperil	pollen	diversity	collected	by	B. terrestris	colonies	
translating	 into	 reduced	 colony	performance.	 Thus,	 the	 expansion	
of	this	crop	by	47%	from	2004	to	2017	in	Germany,	although	having	
reached	a	plateau	since	2011	(Destatis,	2017),	is	alarming.	Therefore,	
maize	 cover	 should	be	 reduced	or	 strategies	 should	be	developed	
to	minimize	 the	negative	 impact	 on	plant	 and	pollen	diversity,	 for	
example,	 by	 establishing	 perennial	 flower	 strips	 and	 patches	 of-
fering	 diverse	 floral	 resources	 for	 pollinators	 (Haaland,	 Naisbit,	 &	
Bersier,	2011).	German	law	requires	that,	in	2050,	80%	of	the	elec-




can	 increase	 pollinator	 abundance,	 diversity,	 and	 colony	 perfor-
mance	(Diekötter,	Peter,	Jauker,	Wolters,	&	Jauker,	2014;	Holzschuh	
et	al.,	 2012;	Westphal	 et	al.,	 2009).	 However,	 our	 study	 indicates	
that	temporal	aspects	are	more	important	than	spatial	cover.
We	 demonstrate	 that	 high	 pollen	 diversity	 collected	 by	 bum-
blebee	 workers	 is	 essential	 for	 colony	 performance	 under	 field	
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